We examined the influence of alterations in preload on pulsed Doppler indexes of left ventricular diastolic function in 50 patients including 12 without cardiovascular disease, 29 with coronary artery disease, and nine with critical aortic stenosis. Micromanometer left ventricular pressure was recorded simultaneously with pulsed Doppler echocardiography of left ventricular inflow and M-mode echocardiography of left ventricular diameter. Chamber stilfness constants, kd and k1, were obtained from the diastolic pressure-diameter and pressure-volume relations, respectively. Relaxation was measured by the isovolumic relaxation time constants, TL and TD, derived from the exponential left ventricular pressure decay and maximum negative dP/dt. In 41 patients after nitroglycerin treatment, left ventricular end-diastolic pressure decreased from 18±5 to 13±4 mm Hg (p<0.001). The ratio of peak early to peak atrial filling velocities and time-velocity integral ratios decreased from 1.08±0.57 to 0.90±0.42 (p<0.001) and from 1.77±0.95 to 1.41±0.71 (p<0.001), respectively. The peak early filling velocity and timevelocity integral decreased from 56.1±15.7 to 49.9±14.5 cm/sec (p<0.001) and from 7.9+2.7 to 6.8±2.8 cm (p <0.001), respectively. Relaxation (TL, TD, and maximum negative dP/dt) and chamber stiffness (kd and k) were not impaired after nitroglycerin administration. In 48 patients after ventriculography, left ventricular end-diastolic pressure increased from 18±6 to 22±8 mm Hg (p<0.001). The peak early and peak atrial filling velocities increased from 57.4±15.2 to 68.3±19.7 cm/sec (p<0.001) and from 61.0±22.7 to 69.4±23.2 cm/sec (p<0.01), respectively. As a result, the ratio of peak early to peak atrial filling velocity was unchanged. However, in the aortic stenosis group, the ratio of peak early to peak atrial filling velocity increased from 0.95±0.64 to 1.10±0.72 (p<0.02). Relaxation and chamber stiffness were unchanged. Thus, a reduction or increase in preload may induce a diastolic filling pattern that mimics or masks diastolic dysfunction, respectively. Preload conditions need to be accounted for when the status of diastolic function is extrapolated from the pulsed Doppler mitral inflow velocity profile. (Circulation 1989;79:1226-1236 P ulsed wave Doppler echocardiography has become increasingly important in characterizing the pattern of left ventricular (LV) filling during diastole in various cardiovascular disease states such as hypertension, coronary artery disease, valvular heart disease, hypertrophic cardiomyopathy, dilated cardiomyopathy, and constric-
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We examined the influence of alterations in preload on pulsed Doppler indexes of left ventricular diastolic function in 50 patients including 12 without cardiovascular disease, 29 with coronary artery disease, and nine with critical aortic stenosis. Micromanometer left ventricular pressure was recorded simultaneously with pulsed Doppler echocardiography of left ventricular inflow and M-mode echocardiography of left ventricular diameter. Chamber stilfness constants, kd and k1, were obtained from the diastolic pressure-diameter and pressure-volume relations, respectively. Relaxation was measured by the isovolumic relaxation time constants, TL and TD, derived from the exponential left ventricular pressure decay and maximum negative dP/dt. In 41 patients after nitroglycerin treatment, left ventricular end-diastolic pressure decreased from 18±5 to 13±4 mm Hg (p<0.001). The ratio of peak early to peak atrial filling velocities and time-velocity integral ratios decreased from 1.08±0.57 to 0.90±0. 42 (p<0.001) and from 1.77±0.95 to 1.41±0.71 (p<0.001), respectively. The peak early filling velocity and timevelocity integral decreased from 56.1±15.7 to 49.9±14.5 cm/sec (p<0.001) and from 7.9+2.7 to 6.8±2.8 cm (p <0.001), respectively. Relaxation (TL, TD, and maximum negative dP/dt) and chamber stiffness (kd and k) were not impaired after nitroglycerin administration. In 48 patients after ventriculography, left ventricular end-diastolic pressure increased from 18±6 to 22±8 mm Hg (p<0.001). The peak early and peak atrial filling velocities increased from 57.4±15.2 to 68.3±19.7 cm/sec (p<0.001) and from 61.0±22.7 to 69.4±23.2 cm/sec (p<0.01), respectively. As a result, the ratio of peak early to peak atrial filling velocity was unchanged. However, in the aortic stenosis group, the ratio of peak early to peak atrial filling velocity increased from 0.95±0.64 to 1.10±0.72 (p<0.02). Relaxation and chamber stiffness were unchanged. Thus, a reduction or increase in preload may induce a diastolic filling pattern that mimics or masks diastolic dysfunction, respectively. Preload conditions need to be accounted for when the status of diastolic function is extrapolated from the pulsed Doppler mitral inflow velocity profile. (Circulation 1989;79:1226-1236) P ulsed wave Doppler echocardiography has become increasingly important in characterizing the pattern of left ventricular (LV) filling during diastole in various cardiovascular disease states such as hypertension, coronary artery disease, valvular heart disease, hypertrophic cardiomyopathy, dilated cardiomyopathy, and constric-tive pericarditis.1-6 The pattern of LV filling during diastole is partially determined by the intrinsic properties of the heart such as myocardial stiffness, rate of relaxation, pericardial constraint, and passive chamber stiffness.7-11 As a result, pulsed Doppler indexes of diastolic filling have been used as measures of diastolic function.12,13 However, vari-See p 1393 ous hemodynamic factors and loading conditions independent of the intrinsic properties of the heart also influence the pattern of LV filling. [14] [15] [16] [17] This complicates the interpretation of the pulsed Doppler transmitral velocity profile with regard to the state of diastolic function. It was recently shown that pharmacologic or mechanical interventions that lower LV filling pressure may result in a diastolic filling pattern previously reported in the setting of impaired diastolic function. 18, 19 However, an alteration in LV chamber stiffness was not excluded, and the effects of increasing preload on the velocity and distribution of transmitral blood flow during diastole were not studied in either study.
To obtain a more precise understanding of the effects of preload on the pattern of LV filling independent of intrinsic diastolic properties of the heart, we designed the following study. Specifically, the purpose of the study was to examine the effects of changes in LV end-diastolic pressure (preload) on the pattern of diastolic filling independent of alterations in LV relaxation and chamber stiffness.
Methods

Patient Population
The study population consisted of 50 patients (34 men and 16 women) with a mean age of 63 + 12 years (range, 37-86 years) undergoing cardiac catheterization for the evaluation of chest pain. Twentynine patients had significant coronary artery disease defined as 50% or more reduction in diameter of the left main or 70% reduction in other coronary arteries. Fourteen patients had single-, nine had double-, and five had triple-vessel coronary artery disease. One patient had left main coronary artery disease. Nine patients had prior myocardial infarctions (seven inferior and two anterior) confirmed by severely hypokinetic or akinetic wall motion on the contrast ventriculogram. Nine patients had critical aortic stenosis with a mean aortic valve area of 0.48+±0.08 cm2 (range, 0.36-0.59 cm2) as calculated by the Gorlin equation.20 Twelve patients had no demonstrable cardiovascular disease (valvular heart disease, coronary artery disease, and ventricular hypertrophy). No patient had mitral regurgitation as assessed by left ventriculography. All patients were in sinus rhythm during the study. The study was approved by the Institutional Review Board on human studies at St. Louis University Medical Center. Written, informed consent was obtained from all patients before the study.
Study Protocol
All studies were performed in the cardiac catheterization laboratory after the patients fasted overnight. Routine premedication (e.g., diphenhydramine, diazepam, etc.) was not withheld. Left heart catheterization was performed with a 7F ventriculographic micromanometer-tipped catheter (Millar Instruments, Houston, Texas) introduced through a femoral arterial sheath. Hemodynamic signals and echocardiographic recordings with a single lead electrocardiogram were obtained and simultaneously displayed on echocardiographic paper at a while patients were in the supine position during quiet respirations.
After baseline hemodynamic and echocardiographic recordings were made, 0.2 mg or 0.4 mg nitroglycerin was given by intravenous bolus or sublingually, respectively. Dosages were repeated every 3-5 minutes until the LV end-diastolic pressure declined by at least 20%. Hemodynamic and echocardiographic measurements were repeated when a stable hemodynamic response to nitroglycerin was evident as reflected by less than a 5 mm Hg fluctuation in the peak LV systolic pressure. The LV end-diastolic pressure was allowed to rise back to its baseline magnitude, and contrast ventriculography was performed with an average of 45 ml of a commercially available contrast agent (Renograffin 76 or Hexabrix) injected during 3 seconds. Hemodynamic and echocardiographic recordings were repeated 1 minute after ventriculography and completed within 3 minutes.
Hemodynamic Recordings
The micromanometer-tipped pressure catheter was warmed to body temperature and calibrated to zero by matching it to the fluid-filled lumen of the catheter calibrated to zero by using atmospheric pressure at the midchest level. The micromanometertipped catheter was positioned in the mid LV chamber. The LV pressure and time derivative of the LV pressure (dP/dt) obtained by electronic differentiation were recorded simultaneously with M-mode echocardiograms at the LV level and pulsed Doppler of transmitral valve flow (Figures 1 and 2) .
Diastolic Function Indexes
The chamber stiffness constants (kd and kv) were obtained by digitizing the LV pressure tracing and endocardial surfaces of the LV septum and posterior wall over the diastolic time period from minimal LV pressure to the peak of the "a" wave ( Figure 1 ). LV volume was calculated by the diameter-cubed method,21 and instantaneous pressure-diameter and pressure-volume relations were derived22 and fitted to the following empiric exponential equations, respectively, as previously described'6: P=Aeld*D and P=AekvV. where P is instantaneous diastolic filling pressure, A is data constant, kd and kv are chamber stiffness constants, D is LV diameter, and V is LV volume.
The chamber stiffness constants, kd and kv, were calculated as the slope of the linear function relating the natural logarithm of pressure to diameter and volume, respectively. Instantaneous or operative stiffness was calculated for end diastole as LV end-diastolic pressure divided by LV end-diastolic diameter.
The isovolumic relaxation time constants (TL and TD) were obtained by digitizing the LV pressure tracing over the time interval from the maximum negative dP/dt to an LV pressure 5 mm Hg above the end-diastolic pressure (Figure 2 ). TL was calcuspeed of 100 mm/sec. All recordings were made 40 mm Hg lated by the method of Weiss et al,23 where TL equals the negative reciprocal of the slope relating the natural logarithm of the isovolumic exponential pressure decay to time. TD was calculated by the method of Raff and Glantz, 24 where TD equals the negative reciprocal of the slope relating dP/dt to pressure. Other hemodynamic parameters obtained included LV peak systolic pressure and enddiastolic pressure measured at the onset of the ORS. The parameters for five consecutive cardiac cycles were averaged.
Echocardiographic and Doppler Recordings
A commercially available phased-array echocardiographic-Doppler system (Model 77020, Hewlett-Packard, Andover, Massachusetts) was used, which has 2.5or 3.5-MHz transducers for M-mode and two-dimensional echocardiography and 2.0or 2.5-MHz transducers for Doppler echocardiography. M-mode echocardiograms were recorded of the LV septum and posterior walls immediately below the mitral valve leaflets from a parasternal short-axis window. A two-dimensional apical fourchamber view was recorded, taking care to maximize the diameter of the mitral anulus. Pulsed wave Doppler interrogation of mitral valve inflow velocities was then performed with the two-dimensional image to align the sample volume cursor perpendicular to and at the level of the mitral anulus with minor transducer adjustments being made to obtain optimal spectral display (highest velocity with least spectral dispersion). M-mode and Doppler echocardiograms were recorded simultaneously with LV pressure on various pressure scales (40, 100, and 200 mm Hg scales). interval from which the pressurediameter and pressure-volume relation were derived is depicted from minimal left ventricular pressure to the peak of the "a wave. ECG, electrocardiogram; dP/dt, first derivative of left ventricular pressure. 0 mm.Hg
M-mode Echocardiographic Analysis
With a customized computer analysis system (PC/AT, Dell, Austin, Texas) interfaced with a Summagraphics digitizing tablet, the LV posterior and septal endocardial surfaces of five consecutive cardiac cycles from an M-mode echocardiogram were digitized at a level immediately below the mitral valve leaflets. Individual parameters obtained from each cardiac cycle were averaged. Parameters obtained included the LV end-diastolic (LVEDD) and end-systolic (LVESD) dimensions as defined by the internal diameter at the onset of the QRS and the minimum internal diameter, respectively. Systolic parameters included shortening fraction (SF) (calculated as [(LVEDD-LVESD)/LVEDD] * 100) and peak velocity of fiber shortening (VCf).25
Doppler Analysis
Doppler analysis of the transmitral inflow velocity recording was performed as previously described. 3, 26 Briefly, the Doppler velocity curves of five consecutive cardiac cycles were digitized through the darkest gray scale, and the parameters obtained were averaged ( Figure 2 ). Parameters of diastolic filling included: 1) peak early (PE), peak atrial (PA), and mean (M) filling velocities, 2) timevelocity integrals of the early (Ei), atrial (Ai), and total (TVi) filling velocity curve, 3) percent atrial contribution (%AC) to filling (calculated as Ai/TVi x 100) and one-third filling fraction (calculated as fractional percent of TVi occurring during the first third of diastole), and .. ..., X f : X i M FIGURE 2. Simultaneous recording oftransmitralpulsed Doppler echocardiogram, left ventricularpressure tracing, and dP/dt signal. Several of the Doppler parameters measured are shown. The isovolumic pressure decay from which the relaxcation time constants were derived is displayed from P0 to MVO. ECG, electrocardiogram; LV, left venltricular pressure; dP/dt, first derivative of LVpressure; PE, peak early filling velocity; PA, peak atrial filling velocity; 13s FE, one-third filling fracetion; Ei, early time-velocity integral; Ai, atrial time-velocity integral; PO, LV pressure at onset of isovolumic pressure decay; MVO, pressure at mitral valve opening (defined as 5 mm Hg above LV end-diazstohic pressure); max neg dP/dt, maximum negaztive dP/dt. diastolic filling, the following ratios were calculated: 1) PE/PA, 2) PE/M, and 3) Ei/Ai. Decreases in these ratios have been shown to reflect increasing impairment in LV diastolic function.1l5"12'28
Statistical Analysis
Values are expressed as meant+SD. A two-tailed paired Student's t test was used for comparisons within the entire group. Analysis ofvariance (Scheffe's F test) was used for comparison of repeated measures within a group and the multiple group comparison of operative chamber stiffness. A probability value (p) less than 0.05 was considered significant.
Results
Hemodynamic and Echocardiographic Data After
Nitroglycerin Administration Entire group. Forty-one patients (12 who were normal and 29 with coronary artery disease) were studied after nitroglycerin administration ( Table 1 ). The peak systolic and end-diastolic LV pressures were significantly decreased after nitroglycerin administration from 139±27 to 129±25 mm Hg (p<0.001) and from 18±5 to 13±4 mm Hg (p<0.001), respectively. Heart rate slightly increased from 67±9 to 74±13 beats/mmn (p<0.001). Regarding relaxation, TL slightly decreased from 49±9 to 47±+10 msec (p<0.05), but TD and maximum negative dP/ dt were unchanged. Chamber stiffness, K, and K4, was unchanged.
The peak velocity of early diastolic filling was decreased from 56.1t15.7 to 49.9±14.5 cm/sec (p<0.001) after nitroglycerin administration, but the peak filling velocity during atrial systole (PA) was unchanged. The ratio of peak early to peak atrial filling velocity was decreased from 1.08+0.57 to 0.90±0.42 (p<0.001). Thirty-three patients showed a decrease in this ratio after nitroglycerin administration. The peak early to mean filling velocity ratio significantly decreased (p<0.001). The mean rate of acceleration during early filling and the pressure half-time were unaffected. The timevelocity integral of the E wave decreased from 7.9±2.7 to 6.8±2.8 cm (p<0.001). The timevelocity integral of the A wave was unchanged. The total time-velocity integral decreased from 13.1+3.4 to 11.8±3.7 cm (p<0.O001). Therefore, the percent contribution of atrial systole to diastolic filling increased from 39±11% to 44+12% (p<0.001). The early to atrial time-velocity integral ratio significantly decreased (p <0.001). The one-third filling fraction was significantly decreased from 43+10% to 37+10% (p<0.001). The interval from onset of filling to peak velocity was unchanged. Shortening fraction and peak velocity of fiber shortening were unchanged. LV end-diastolic dimension decreased from 50+7 to 48-38 mm (p <0.002).
To elucidate potential discordant responses in filling patterns after alterations in loading conditions specific for a given underlying cardiac disease state, the study group was divided into three groups: 1) mean+SD; n=41 patients. LVSP, peak left ventricular systolic pressure; LVEDP, left ventricular end-diastolic pressure; TL and TD, isovolumic relaxation time constants; kd and k,, chamber stiffness constants; PE, peak early filling velocity; PA, peak filling velocity during atrial systole; max neg dP/dt, maximum negative first derivative of left ventricular pressure; PE/PA, ratio of PE to PA; PE/M, ratio of PE to mean velocity; Ei, early filling time-velocity integral; Ai, atrial filling time-velocity integral; Ei/Ai, ratio of Ei to Ai; TVi, total time-velocity integral; %AC, percent atrial contribution to filling; '/3FF, one-third filling fraction; P1I2, pressure half-time;
Time-E, interval from onset of mitral flow to PE; E wave accel, mean rate of acceleration of E wave; LVEDD, left ventricular end-diastolic diameter; SF, shortening fraction; V,f, peak velocity of fiber shortening. without coronary or valvular heart disease (n =12), 2) with coronary artery disease (n=29), and 3) with aortic stenosis (n=9).
Subgroup analysis. The group of patients with coronary artery disease (n=29) showed hemodynamic and echocardiographic changes that paralleled the responses of the entire group after nitroglycerin administration ( Table 2) . Peak systolic and end-diastolic LV pressures were significantly reduced. Regarding relaxation, TL slightly decreased from 50+10 to 48+8 msec (p<0.05), but TD and maximum negative dP/dt were unchanged. Cham-ber stiffness was unchanged as reflected by k, and kd. Heart rate increased slightly from 67±8 to 71 ± 10 beats/min (p <0.001). Significant decreases occurred in peak early filling velocity, peak early to peak atrial filling velocity ratio, peak early to peak mean filling velocity ratio, one-third filling fraction, time-velocity integral ratio of early to atrial filling velocities, and total time-velocity integral. The percent atrial contribution to filling increased from 38±12% to 41 ± 10% (p<0.01). Other Doppler parameters did not significantly change. Shortening fraction and peak velocity of fiber shortening did not change. LV end-diastolic diameter was unchanged.
The group of patients without valvular or coronary artery disease (n =12) showed similar changes in hemodynamic and echocardiographic indexes after nitroglycerin administration ( Table 2 ). LV end-diastolic pressure decreased from 16±4 to 12±4 mm Hg (p<0.02). Heart rate increased from 69±11 to 82±17 beats/min (p<0.02). Relaxation and chamber stiffness were unchanged as reflected by TL, TD, maximum negative dP/dt, kv, and kd. Peak early to peak atrial filling velocity ratio, peak early to peak mean filling velocity ratio, and one-third filling fraction decreased, and percent atrial contribution increased significantly. Shortening fraction and peak velocity of fiber shortening were unchanged. LV end-diastolic diameter significantly decreased. An example of the alteration in the mitral valve velocity profile after nitroglycerin administration is shown in Figure 3 .
Hemodynamic and Echocardiographic Data After Ventriculography
Entire group. Forty-eight patients (12 who were normal, 27 with coronary artery disease and nine with aortic stenosis) were studied after ventriculography (Table 3 ). Although, the peak systolic LV pressure was unchanged, the LV end-diastolic pressure increased from 18±6 to 22±8 mm Hg (p<0.001). Heart rate increased from 69±10 to 78±15 beats/min (p<0.001). Relaxation was unchanged as reflected by TD, TL, and maximum negative dP/dt. Indexes of chamber stiffness, k, and kd, were unchanged.
The peak early and atrial filling velocities significantly increased from 57.4±15.2 to 68.3±19.7 cm/ sec (p<0.001) and 61.0±22.7 to 69.4±23.2 cm/sec (p<0.01), respectively. However, the peak early to peak atrial filling velocity ratio was unchanged. The early and atrial time-velocity integrals increased, but the change was not significant. The one-third filling fraction decreased from 43±10% to 39±11% (p<0.02). The total time-velocity integral, early to atrial time-velocity integral ratio, and percent atrial contribution to filling were unchanged. The mean acceleration of the E wave was increased (950±338 vs. 1,088±411 cm/sec2, p<0.02), and the pressure half-time was reduced (60±21 vs. 50±14 msec, p<0.005). The interval from onset of mitral flow to peak early filling velocity was unchanged. Shorten- CAD, coronary artery disease; LVSP, peak left ventricular systolic pressure; LVEDP, left ventricular enddiastolic pressure; TL and TD, isovolumic relaxation time constants; kd and kl, chamber stiffness constants; PE, peak early filling velocity; PA, peak filling velocity during atrial systole; max neg dP/dt, maximum negative first derivative of left ventricular pressure; PE/PA, ratio of PE to PA; PE/M, ratio of PE to mean velocity; Ei, early filling time-velocity integral; Ai, atrial filling time-velocity integral; Ei/Ai, ratio of Ei to Ai; TVi, total time-velocity integral; %AC, percent atrial contribution to filling; ½AFF, one-third filling fraction; P1,2, pressure half-time; Time-E, interval from onset of mitral flow to PE; E wave accel, mean rate of acceleration of E wave; LVEDD, left ventricular end-diastolic diameter; SF, shortening fraction; VCf, peak velocity of fiber shortening. *p<0.02, tp<0.001, tp<0.005, §p<0.05, 1ip<0.01 compared with control.
ing fraction, peak velocity of fiber shortening and LV end-diastolic dimension did not change. Subgroup analysis. The coronary artery disease group (n=27) showed changes in hemodynamic and Doppler parameters that paralleled the entire group response after ventriculography (Table 4 ). LV enddiastolic pressure significantly increased from 19±7 to 23±7 mm Hg (p<0.05). Peak systolic LV pressure, indexes of relaxation (TL, TD, and maximum negative dP/dt), and chamber stiffness (kv and kd) were unchanged. Peak early filling velocity, peak atrial filling velocity, and pressure half-time significantly increased. Other Doppler indexes showed trends similar to the entire group but were not significant. Heart rate slightly increased from 67±8 to 76+16 beats/min (p<0.005), LV end-diastolic dimension, shortening fraction, and peak velocity of fiber shortening did not change.
The group of patients without coronary heart disease or aortic stenosis (n=12) showed hemodynamic and echocardiographic changes after ventriculography that paralleled the response of the entire group (Table 4 ). However, the patient group with aortic stenosis (n = 9) showed an increase in peak early (from 57.3 + 14.3 to 69.4±12.3 cm/sec,p =0.058) but not in peak atrial filling velocity. Thus, the ratio of peak early to peak atrial filling velocity significantly increased from 0.95+±0.64 to 1.10+0.72 (p<0.02).
At baseline, end-diastolic operative chamber stiffness was significantly greater in the group with aortic stenosis compared with the normal and cor-EGG >4Q ;ffi;~~~W 0:Ag W b V 1 1 1 1 1 1 1 l 9~~~~~~~~~~~~~~~~~~~~~~~~~ Figure 3 .
Discussion
This study shows that a reduction in LV enddiastolic pressure by nitroglycerin induces a diastolic filling pattern as assessed by pulsed Doppler echocardiography that has been previously reported in cardiac disease states associated with diastolic dysfunction.1-5,12,29 However, this alteration in filling pattern was not associated with impairments of relaxation or chamber stiffness. Thus, a reduction in preload may result in a filling pattern that mimics diastolic dysfunction. Increases in LV end-diastolic pressure by ventricular contrast injection enhanced the peak velocity of early filling but not the peak filling velocity during atrial systole in patients with aortic stenosis. Thus, in this patient group, an increase in preload may mask an abnormal filling pattern that is indicative of diastolic dysfunction. However, an increase in LV end-diastolic pressure equally enhanced the velocity of LV filling during the early and atrial filling phases in patients with coronary artery disease or without demonstrable cardiovascular disease. The preload-dependent increase in the peak early filling velocity could potentially mask intrinsic diastolic dysfunction. Therefore, when diastolic function is assessed by interpretation of the Doppler transmitral flow velocity pattern, the potential influences of preload must be taken into account.
Choong et a118 showed similar changes in Doppler derived indexes of diastolic function after nitroglycerin infusion in 11 patients. Nine of their patients had coronary artery disease. The mechanism proposed to explain the decrease in the peak velocity during early diastolic filling was reduced filling pressure. Although impaired relaxation was excluded, alterations in chamber stiffness were not. The present study excludes changes in chamber stiffness or relaxation as an explanation for the filling pattern seen after nitroglycerin administration and thus gives added support to the originally proposed mechanism. Of importance, the present study broadens our understanding of the effects of alterations in preload on the pattern of diastolic filling. An increase in preload was found to augment the peak velocity of early filling in our study. This finding is consistent with results found in canine experiments. Ishida et a114 showed that volume infusion increased the peak transmitral flow rate as measured by an electromagnetic flow probe sutured to the mitral anulus. However, few data exist on the effects of increasing preload on transmitral flow during atrial systole. Greenberg et a130 showed a decline in the ettectiveness of atrial systole with greater LV filling pressures. However, Rahimtoola et aP31 showed that patients with a myocardial infarction and higher LV end-diastolic pressures had greater atrial contributions to LV filling than did normal subjects with lower LV end-diastolic pressures. In the present study, patients with coronary artery disease showed increases in the peak filling velocity during atrial systole and atrial timevelocity integral after the increase in preload that 600 rnsec -------- Values are mean-+-SD; n=48 patients.
LVSP, peak left ventricular systolic pressure; LVEDP, left ventricular end-diastolic pressure; TL and TD, isovolumic relaxation time constants; kd and kv, chamber stiffness constants; PE, peak early filling velocity; PA, peak filling velocity during atrial systole; max neg dP/dt, maximum negative first derivative of left ventricular pressure; PE/PA, ratio of PE to PA; PE/M, ratio of PE to mean velocity; Ei, early filling time-velocity integral; Ai, atrial filling time-velocity integral; Ei/Ai, ratio of Ei to Ai; TVi, total time-velocity integral; %AC, percent atrial contribution to filling; '/3FF, one-third filling fraction; P112, pressure half-time;
Time-E, interval from onset of mitral flow to PE; E wave accel, mean rate of acceleration of E wave; LVEDD, left ventricular end-diastolic diameter; SF, shortening fraction; Vcf, peak velocity of fiber shortening. were proportional to the augmentation of early filling. Thus, the overall distribution of filling during diastole was unchanged. The normal group showed similar trends. However, the group with aortic stenosis showed no effect on filling during atrial systole with a concomitant increase in the peak early to atrial filling velocity ratio. This may be explained by patients with aortic stenosis having a greater instantaneous or operative chamber stiffness during atrial systole than the other group of patients. If atrial contractility remains constant, one would predict that an atrial contraction occurring on the steeper limb of the LV diastolic pressurevolume curve would be less effective in augmenting LV filling compared with its effect during the lower portion of the curve.
Nitroglycerin Effects on Hemodynamic Indexes and Diastolic Function
Nitroglycerin significantly decreased LV peak systolic and end-diastolic pressures in normal subjects and in patients with coronary artery disease. A small but significant increase in heart rate occurred. These hemodynamic effects of nitroglycerin are well known and probably are mediated by venous and arterial dilatation with reflex sympathetic stimulation by baroreceptors. 15 Although TL slightly decreased, other parameters of relaxation (TD and maximum negative dP/dt) and chamber stiffness (kv and kd) were unaffected. Ludbrook et a115 were unable to show any effect on relaxation (TL) or chamber stiffness (kv) after preload reduction by nitroglycerin. A downward and leftward shift in the pressure-volume relation was found. Kingma et a132 showed that decreases in external pericardial constraint may account for analogous shifts in the LV pressure-diameter relation. Choong et a118 found a slight reduction in TL after nitroglycerin administration as in the present study.
Contrast Ventriculography Effects on
Hemodynamic Indexes and Diastolic Function
For the entire group, contrast injection increased LV end-diastolic pressure and heart rate but had no effect on peak LV systolic pressure, relaxation (TL, TD maximum negative dP/dt), or chamber stiffness (k, and kd). LV end-diastolic pressure increased in each group. Also, in the normal group, TL decreased, but TD did not change. The intracardiac injection of organic iodide contrast agents is well known to cause profound hemodynamic changes after the first few cardiac cycles.33-36Friesinger et a135 showed increases in left atrial pressure, LV end-diastolic pressure, and mitral valve pressure gradient in patients with mitral valve disease after hypaque contrast injection. The effects occurred within 30 seconds and persisted for as long as 15 minutes. Nitroglycerin decreased the peak velocity of early filling but did not affect peak filling velocity during atrial systole. Thus, the ratio of peak early to peak atrial filling velocity significantly declined. The timevelocity integral of the E wave and the total timevelocity integral were reduced after nitroglycerin administration, but the time-velocity integral of the A wave was unchanged. Thus, the relative contribution of atrial systole to LV filling increased. An abnormal increase in the percent contribution of filling velocity, and pressure half-time, were unchanged after nitroglycerin administration, and this suggests that these variables may be useful in differentiating effects of diastolic dysfunction from reduced preload on the pattern of LV filling. Ventricular contrast injection increased the peak early filling velocity in all patient groups. The peak velocity during atrial systole increased in the normal and coronary artery disease groups. As a result, the peak early to atrial filling velocity ratio was unaltered in these two groups. However, in the group with aortic stenosis, the peak velocity during atrial systole did not change, and the peak early to peak atrial filling velocity ratio significantly increased, potentially masking the effects of intrinsic diastolic dysfunction. For the entire group, the time-velocity integrals (Ei, Ai, and TVi) and their ratios (Ei/Ai and Ai/TVi) were not significantly changed. The one-third filling fraction and acceleration of the E wave increased. Recent studies showed that reductions in many of these parameters are seen in pathologic states associated with diastolic dysfunction.1,5,12,29 Thus, increases in LV filling pressure many redistribute diastolic filling in a pattern that may be erroneously interpreted as enhanced diastolic function. Although the pressure half-time shortened, the time interval from the onset of mitral inflow to the peak early filling velocity did not change after contrast injection. The interval from onset of mitral flow to peak early filling velocity has not been rigorously studied but shows promise in differentiating the effects of diastolic dysfunction from alterations in preload on the pattern of LV filling. Systolic function may also influence the pattern of diastolic filling. However, in the present study, indexes of systolic function were unaffected, and it would appear that changes in systolic function did not play a role in the altered filling patterns after nitroglycerin infusion and contrast injection.
Limitations of This Study
Multiple interacting factors determine the pattern of transmitral blood flow and include left atrial pressure and compliance, LV pressure and compliance, dynamic change in the size of the mitral anulus, ventricular relaxation rate, and heart rate.'4,17,39 Some of these determinants could not be controlled or directly measured. Left atrial pressure is a primary determinant of LV filling pressure. As a result, LV end-diastolic pressure was used as an index of filling pressure or preload. However, ethical reasons precluded transseptal puncture to measure left atrial pressure. Prior studies showed the effects of both nitroglycerin administration40 and ventricular contrast injection35 on left atrial pressure. It is highly likely that directional changes in the left atrial pressure would parallel the LV enddiastolic pressure. Heart rate was not controlled and increased by 7 and 9 beats/min after nitroglycerin administration and contrast injection, respectively. We believe the change in heart rate to be minimal and to have minimal effects on the Doppler filling pattern.41,42 However, we cannot exclude an effect of heart rate on the Doppler indexes that were measured. Iodide contrast agent was used to increase preload. Prior studies investigating the hemodynamic effect of ventricular injection of contrast agent support its usage in the present study. Brown et a136 showed that after contrast injection, the LV end-diastolic pressure rises to a stable level after 2 minutes and persists for at least 12 minutes. Friesinger et a135 showed a similar rise in the left atrial pressure after contrast injection that reached a plateau within 60 seconds and persisted for at least 15 minutes. Significant regional wall motion abnormalities will affect the accuracy of M-mode-derived volumes. Nine patients had an appreciably small infarction that was not in the orientation of the M-mode beam. Thus, M-mode-derived diastolic LV volume was felt to be reliable. This notion is supported by the study of Sweet et a143 who were able to show that LV diastolic volume was reliably measured by M-mode echocardiography with the cubed formula in the presence of regional wall motion abnormalities.
Clinical Implications
Doppler echocardiography is being used increasingly to assess diastolic function as extrapolated from the diastolic filling pattern in many cardiac disease states. It is noninvasive, allows beat-to-beat analysis of LV filling, is devoid of risk, and has great promise in aiding the study and understanding of the effects of intrinsic diastolic properties of the heart and various loading conditions on the pattern of LV filling. In the present study, alterations in preload significantly altered the pattern of diastolic filling as assessed by Doppler of mitral flow in a manner that could potentially mimic or mask intrinsic diastolic dysfunction. Preload conditions need to be accounted for when interpreting the Doppler transmitral velocity profile and when inferences on diastolic function are being made. Indexes such as the time interval from the onset of mitral inflow to the peak of early filling were not affected by changes in preload conditions and show promise in aiding the differentiation of the effects of intrinsic diastolic properties from preload on the pattern of diastolic filling.
